Toxicological studies dealing with recent findings of health effects of drinking water disinfectants are reviewed. Experiments with monkeys and rodents indicate that the biological activity of ingested disinfectants is expressed via their chemical interaction with the mucosal epithelia, secretory products, and nutritional contents of the alimentary tract. Evidence exists that a principal partner of this redox interaction is the iodide of nutritional origin that is ubiquitous in the gastrointestinal tract. Thus the observation that subchronic exposure to chlorine dioxide (CI02) in drinking water decreases serum thyroxine levels in mammalian species can be best explained with changes produced in the chemical form of the bioavailable iodide. Ongoing and previously reported mechanistic studies indicate that oxidizing agents such as chlorine-based disinfectants oxidize the basal iodide content of the gastrointestinal tract. The resulting reactive iodine species readily attaches to organic matter by covalent bonding. Evidence suggests that the extent to which such iodinated organics are formed is proportional to the magnitude of the electromotive force and stoichiometry of the redox couple between iodide and the disinfectant. Because the extent of thyroid uptake of the bioavailable iodide does not decrease during C102 ingestion, it seems that C102 does not cause iodide deficiency of sufficient magnitude to account for the decrease in hormonogenesis. Absorption of one or more of iodinated molecules, e.g., nutrients, hormones, or cellular constituents of the alimentary tract having thyromimetic or thyroid inhibitory properties, is a better hypothesis for the effects seen.
Introduction
The inhibition of thyroxine (T4) synthesis in monkeys (Cercopithecus aethiops) during subehronic exposure to chlorine dioxide (CI02) in drinking water (1) was a serendipitous and the only significant finding during the investigation of the so-called oxidative stress caused by C102. Investigators involved with disinfection research (2, 3) proposed this syndrome to explain methemoglobinemic hemolytic anemia associated with exposure to large doses of disinfectants. According to this hypothesis, disinfectants, when absorbed into the blood stream, deplete red cell glutathione, allowing ferrohemoglobin to be oxidized to ferrihemoglobin (4, 5) .
The morphologic and chemical onset of heme oxidation and erythrocyte membrane damage caused by chlorite in vitro (6, 7) as well as hematologic changes in chickens and rats exposed to up to 1000 mg/L of C102 ad libitum in drinking water were demonstrated (8) . We were unable to elicit in vivo hematologic changes in monkeys using C102, since ad libitum exposure to this disinfectant above 200 The most surprising observation in our studies was that C102 is a relatively potent thyroid inhibitor, showing clear physiologic effects at about 9 mg/kg/day dose in 11 of 13 animals studied (1) . In this study we also showed that, in monkeys intubated with a gastric tube, C1O2 does not survive the organic environment of the stomach, and over 98% of the oxidizing capacity of an instilled C102 solution (60 ppm) disappears within a few minutes. In addition, we showed spectroscopically that mixing monkey saliva with C102 solution at various reactant ratios results in the instantaneous reduction of C102. Thus, neither the intact molecule nor chlorite (C102-) or chlorate (C1037) is absorbed to any significant degree from the stomach when C102 is consumed.
These products of reduction and hydrolysis of C102, C102-, and C103 had no observable effect on the thyroid even at much greater doses (-40 mg/kg/day). This observation negated the possibility that such chlorine oxide anions, at the doses used, blocked iodide uptake into the thyroid follicles. Although this pharmacologic property of another chlorine oxide, perchlorate (Cl04), is a recognized therapeutic effect, it can be elicited only with doses high enough to saturate the iodine-concentrating mechanism of the thyroid gland. In contrast to C102, neither hypochlorite (OCl-) nor monochloramine (NH2CI) had any effect on the monkey thyroid function in our investigation. Later studies have proved that the thyroid inhibitory effects of C102 are not limited to nonhuman primates. C102 exposure elicited thyroid inhibition in neonatal rats, both by direct gavage of the pups and by exposing lactating dams to aqueous C102 (9) . Ongoing research in our laboratory has also demonstrated that the rate of decrease in serum thyroxine of rats, related to aging, was accelerated when the animals were exposed to C102-treated water. In these studies we have also shown that the in vivo radioactive iodide uptake (RAIU) in monkeys doubles after an 8-week exposure to 100 ppm C102 (10) . Since iodine is an element that has a well-defined role in maintaining basal metabolic balance through its requirement for thyroxine synthesis, we needed to examine the interaction between disinfectants and the iodide content of the alimentary tract.
Methods and Materials

Scanning Electron Microscopy of Rat
Tongues
Tongues from rats maintained on 0, 100, and 200 ppm C102 solution for 8 in aqueous buffers (pH 10.4), 2 mL of 10 mg/mL complex nutrient solution, or 100 ,uL of saliva or gastric juice. After mixing, the reaction was allowed to proceed at room temperature for 10 min and was stopped by the addition of 0.2 mL of 0.1 M sodium thiosulfate (Na2S203). Distilled water instead of HCI was used in Chloramine (NH2Cl) reactions. The final reaction mixture was transferred to an anion-exchange column and eluted with four to eight 1-mL aliquots of 8 N acetic acid (CH3COOH), until the last aliquot was free of radio activity. The specific activity of the eluates was determined by gamma counting, and the extent of organification was calculated as percentage ofiodide eluted from the columns.
IMPACT OF OXIDANTS ON IODIDE METABOLISM After ingestion of "8'I-followed by C102, the esophagus and ileum of rats contained significantly increased (p < 0.001) radioiodide. At 1 hr post-treatment the iodide mainly resided in the small intestine (p < 0.05) where it increased by 3 hr (p < 0.001) and disappeared by 6 hr. The stomach and colon did not contain significantly elevated amounts of iodine.
The radioiodine activity of the esophagus was significantly increased (p < 0.05) throughout the observation period. Blood and thyroid iodine activities were not affected. 24 hr after peroral administration significant increase of radioiodine in the ileum (p < 0.05) and colon (p < 0.01), in 24-hr feces, and decrease in urine iodide (p < 0.001) were seen. During 10 days ad lib. consumption of radioiodide with feed and exposure to 100 ppm C102 via drinking water, increase in the dietary iodide loss via the feces (p < 0.05) was seen. A significant increase in the iodide covalently bound to fecal particles (p < 0.001), as well as in the iodide covalently bound to water soluble residues of feces (p < 0.001) was observed. Significant increase (p < 0.01) in the esophagus, stomach and intestinal contents, no differences in blood, thyroid, tongue, and colon. C12
A pattern similar in fecal clearance and organ distribution similar to 100 ppm that caused by C102 was observed.
Reference (11) 
Discussion
From the electron micrographs ( Fig. 1 ) and from the observations described in Tables 1 and 2 , it is apparent that ingestion of disinfectant affects primarily the mucosal surfaces of the alimentary tract and the chemical composition of nutrients within (11) . The importance of the basal iodide content of the digestive secretions and its modification by disinfectants, as well as its possible implication in altering thyroid function, should be rationalized in terms of the biological role of the monovalent anions of the group VII elements:
Fluoride (F-) is essential for mineralizing bone matrix and dental enamel. It is not present in body fluids in significant quantities. Fluoride is toxic when present in body fluids in detectable quantities.
Chloride (Cl-) is the ubiquitous essential anion for electrolyte balance and is present in body fluids in decimolar quantities. It is secreted by the gastric mucosa as free acid in excess of physiologic concentrations.
Bromide (Br-) is a toxic and xenobiotic anion. It is not normally present in body fluids. Iodide (I) is essential for thyroid synthesis and basal metabolism. It is concentrated in thyroid gland, salivary glands, and parietal cells. Iodide is present in body fluids in ,uM quantities. It is secreted in saliva and gastric juices and inhibits thyroid function at higher than required doses.
Astatite (At-) is a rare and unstable anion of no biological significance.
In body fluids therefore, only two halides, Cl-and I-, must be considered as natural monovalent anions of bioessential significance and, therefore, as suitable targets for oxidation by solutions of disinfectants. Of the redox couples, the I-/C102 has the highest electromotive force computed for pure aqueous solutions (Table  3) . C102 also has the greatest stoichiometric capacity to oxidize I-to a reactive I (rI) species, e.g.:
Although the nature of rI is not known (it may be I' dolactones from unsaturated fatty acids, e.g., arachidonic acid; iodine substitution of activated aromatic and heterocyclic rings abundant in proteins in the form of tyrosine and histidine residues, vitamins, etc.; iodine substitution of activated hydrogens, such as a-methylene (CH2) groups in ketones and aldehydes; iodohydrin formation with olefinic molecules. According to this hypothesis, the intra-alimentary oxidation and covalent binding of I -must be a predominant sequel to ingestion of disinfectants. The predominance of this process in a complex organic mixture is strongly supported by the example of radioiodination of antigens and antibodies, a widely and routinely practiced technique. In such reactions, radioiodide is oxidized by relatively strong agents (e.g., chloramine-T or hydrogen peroxide) in the presence of sensitive proteins (e.g., immunoglobulins, peptide hormones etc.), then rI is bound to tyrosine of the protein without disturbing the tertiary structure (e.g., the antigenicity or hapten specificity) of the protein. (Xmax = 496 nm), cannot form from tyrosine in the presence of excess iodide; instead mono-and diiodotyrosines are generated (15) . Results of in vitro iodination studies with nutrients, animal feed and isolated rat stomachs (Table 1) closely agree with the above hypothesis. Noteworthy is the clearly superior iodinating power of C102 and the fact that NH2Cl in many instances appears to be a more effective iodinating agent than HOCI. This latter observation is in contradiction with the electromotive forces (EMF) of Table 3 ; however, it may be explainable by the ability of hypochlorous acid (HOCI) to undergo chlorination reactions competing with the iodination process.
The in vivo studies with radioiodine clearly prove that intra-alimentary iodination does occur during ingestion of disinfectants and that iodinated compounds are absorbed ( Table 2 ). The logical conclusion from these observations is that under the oxidative influence of disinfectants, in vivo formation and absorption of a numerous diverse iodinated substances must occur. Most data in the literature relate only to tn vivo organification of iodine under conditions mediated by cellular peroxidases, such as the broadly recognized iodination of thyroglobulin during thyroxine synthesis, or the iodination of arachidonic acid by myeloperoxidase of polymorphonuclear leukocytes (14) . Apart from the biological activity ofthyromimetic and inhibitory analogs of thyroxine, or the metabolic fate and renal toxicity of radiocontrast preparations, virtually nothing is known about the toxicity of iodinated natural products. Feeding iodinated casein to test animals has been shown to accelerate the development of Vitamin B-12 and folate deficiency; however, no explanation for this effect was offered (13) .
Currently, we hypothesize that some as-yet unknown iodinated molecule forming in trace quantities in the alimentary tract is responsible for the thyroid inhibition seen during C102 exposure. It is anticipated that such compounds form in vivo in very small amounts even at 100 ppm C102 concentration; therefore, they must possess extraordinary biological activity.
Furthermore, since the iodine substituent in organic molecules tends to be a reactive moiety prone to undergoing replacement reactions or carbocation formation, we postulate that iodinated compounds have pronounced genotoxic and carcinogenic activity. The in vivo formation, molecular structures, and biological activity of such compounds are under investigation.
